Near zero temperature, quantum magnetism can non-trivially arise from short-range interactions, but the occurrence of magnetic order depends crucially on the interplay of interactions, lattice geometry, dimensionality and doping. Even though the consequences of this interplay are not yet fully understood, quantum magnetism is believed to be connected to a range of complex phenomena in the solid state, for example, in the context of high-T c superconductivity 1,2 and spin liquids in frustrated lattices 3 . Ultracold atomic Fermi gases in optical lattices 4 constitute an experimental system with unrivalled tunability and detection capabilities to explore quantum magnetism by analog quantum simulation. In this work, we study the emergence of antiferromagnetic (AFM) correlations between ultracold fermionic atoms in two dimensions with decreasing temperature. We determine the magnetic susceptibility of the Hubbard model from simultaneous measurements of the in-situ density of both spin components. At half-filling and strong interactions our data approach the Heisenberg model of localized spins with antiferromagnetic correlations. Moreover, we observe the disappearance of magnetic correlations when the system is doped away from half-filling. Our observation of the dependence of quantum magnetism on doping paves the way for future studies on the emergence of pseudogap and pairing phenomena away from half-filling.
Near zero temperature, quantum magnetism can non-trivially arise from short-range interactions, but the occurrence of magnetic order depends crucially on the interplay of interactions, lattice geometry, dimensionality and doping. Even though the consequences of this interplay are not yet fully understood, quantum magnetism is believed to be connected to a range of complex phenomena in the solid state, for example, in the context of high-T c superconductivity 1, 2 and spin liquids in frustrated lattices 3 . Ultracold atomic Fermi gases in optical lattices 4 constitute an experimental system with unrivalled tunability and detection capabilities to explore quantum magnetism by analog quantum simulation. In this work, we study the emergence of antiferromagnetic (AFM) correlations between ultracold fermionic atoms in two dimensions with decreasing temperature. We determine the magnetic susceptibility of the Hubbard model from simultaneous measurements of the in-situ density of both spin components. At half-filling and strong interactions our data approach the Heisenberg model of localized spins with antiferromagnetic correlations. Moreover, we observe the disappearance of magnetic correlations when the system is doped away from half-filling. Our observation of the dependence of quantum magnetism on doping paves the way for future studies on the emergence of pseudogap and pairing phenomena away from half-filling.
A spin-1/2 mixture of ultracold fermionic atoms in an optical lattice emulates electrons in a crystalline lattice of a solid 4, 5 . Hence, it can be employed as a highlycontrolled model system to study the phases of strongly correlated matter [6] [7] [8] [9] , which has remained a challenge both for experiment and theory. A paradigm for describing the physics of fermionic particles on a lattice is the Hubbard model 10 , which describes the complex manybody problem by the fundamental processes of tunnelling between neighbouring lattice sites with amplitude t and interactions of two particles with opposite spin on the same lattice site with energy U . The occurrence and properties of low-temperature quantum phases are governed by these two parameters. At half-filling (i.e. on average one particle per lattice site), when the interaction strength dominates other energy scales U t, k B T , the model describes a crossover from a metal to a Mott insulator in which the density becomes ordered with exactly one fermion per lattice site 8, 9, [11] [12] [13] [14] [15] [16] [17] . At lower temperatures k B T ∼ J = 4t 2 /U , the system is able to further minimise its energy by developing non-local AFM correlations in the spin degree of freedom. The formation of magnetic correlations across the lattice from purely onsite interactions in the absence of direct magnetic longrange interaction is one of the hallmarks of quantum magnetism. Whether or not these magnetic correlations lead to long-range order depends crucially on the dimensionality: in three dimensions a second-order phase transition is expected to occur at finite temperature; in two dimensions at finite temperature magnetic order must remain of finite spatial extent due to enhanced quantum fluctuations. The interplay of dimensionality, quantum magnetism originating from superexchange, and its breakdown when doping the lattice with particles or holes, has been intensively, albeit inconclusively, investigated in the context of the pseudogap and high-temperature superconductivity in the cuprates 1,2 . The magnetic properties of a system are characterized by the magnetic susceptibility χ, which is defined as the linear response of the magnetisation M M 0 + χH to a weak external, uniform magnetic field H. Here M 0 is the magnetisation without any external field, which is zero in our case. At high temperature, the microscopic magnetic moments are randomly oriented by thermal excitations and hence the magnetic susceptibility approaches zero. At low temperature, magnetic correlations build up, yielding a finite value of χ. In solids and liquids the magnetic susceptibility can be measured by nuclear magnetic resonance techniques. However, this averages over macroscopically large volumes, which sometimes masks the relationship between the thermodynamic quantity χ and its microscopic origin.
Ultracold atomic Fermi gases in optical lattices are an ideal platform for studying quantum magnetism in order to reveal the microscopic origin of the magnetic susceptibility in the Hubbard model. Previous experiments have detected evidence for antiferromagnetic correlations in measurements averaging over inhomogeneous systems 18, 19 and, in parallel with the work presented here, spatial magnetic correlations have been detected using quantum gas microscopes [20] [21] [22] . We detect the emergence of AFM correlations upon reducing temperature through the magnetic susceptibility and its dependence on temperature, interaction strength and filling. To this end, we employ high-resolution in-situ imaging 14 of the density distributions of both spin components in a single measurement and determine the spin structure factor and the magnetic susceptibility. Since the magnetic correlations due to the superexchange interaction are strongest at half-filling and sensitively depend on the filling, we employ spatially-resolved detection and hence determine the spin structure factor as a function of doping. We compare our results to state-of-the-art calculations and find agreement where results are available, which is, in particular, at half filling. Away from half-filling theoretical data are sparse, since in two dimensions even the most advanced theoretical models are not able to probe the low-temperature regime realised in this work.
Our experiment begins with a spin-balanced quantum degenerate mixture of fermionic 40 K atoms prepared in the two lowest hyperfine states |F = 9/2, m F = −9/2 and |F = 9/2, m F = −7/2 denoted in the following as spin-up (↑) and spin-down (↓), respectively 14 . We load the gas into an anisotropic, three-dimensional optical lattice with strongly suppressed tunnelling along the vertical direction and an approximately square lattice geometry along the horizontal directions. For a lattice depth of 6E rec along the horizontal axes, where E rec = 2 π 2 /(2ma 2 ) and a = 532 nm is the lattice constant, we realise a tunnelling amplitude of t = h×224 Hz. We control the Hubbard interaction parameter over the range 1.6(2) ≤ U/t ≤ 12.0(7) by employing a magnetic Feshbach resonance at 202 G and tune the temperature of the gas in the lattice by periodically modulating the lattice depth at approximately twice the trapping frequency of the confining potential.
The observable of interest,Ŝ
, depends only on the spin-up and spin-down distributions of the singly-occupied sites (singles) wherê n i,σ (ŝ i,σ =n i,σ −n i,↑ni,↓ ) denote the number operator for particles (singles) in spin state σ =↑, ↓ at lattice site i. Therefore, after freezing an equilibrium distribution in a deep horizontal lattice, we remove all atoms residing on doubly-occupied sites by employing exothermic spinchanging collisions (see Methods). The in-situ singles density distributions of both spin components within a single horizontal layer are detected by performing simultaneous radio-frequency tomography on both spin states in a vertical magnetic field gradient and subsequent highresolution absorption imaging. We precisely calibrate the underlying trapping potential V (r) resulting from the Gaussian envelope of the optical lattice beams and employ the local density approximation (LDA) to average over isopotentials and access correlations as a function of local chemical potential and filling 14 .
In order to quantify the magnitude of AFM correlations and extract the magnetic susceptibility we perform a correlation analysis on a set of pairs of in-situ images {s ↑ (r),s ↓ (r)} of the singles distributions taken under equal experimental conditions. In the following, quantities with a tilde refer to snapshots of local observables convolved with the imaging point spread function and projected onto the imaging frame with coordinate r. We compute the spatial correlations ofS z (r) = (s ↑ (r) −s ↓ (r))/2 over the set of images and integrate them over a region of radius ξ (see Methods). For ξ being large compared to the expected correlation length and our imaging resolution of 1.2(1) µm, the integrated correlations equal the zero-momentum spin structure factor
where q denotes the wave vector 23 . For AFM correlations, the sign of the spin-spin correlator
between lattice sites with difference vector (i x , i y )a alternates according to (−1) ix+iy . Therefore, the spin structure factor has alternating contributions from different distances, beginning with the local moment, S q=0 = |C 0,0 | − 4|C 0,1 | + 4|C 1,1 |... . At the temperatures realized in this work, the magnitudes of C ix,iy are expected to decay exponentially with distance 24 . According to the fluctuation-dissipation theorem 25 , the uniform magnetic susceptibility is given by χ = S q=0 /(k B T ) where k B denotes the Boltzmann constant. To obtain the spin structure factor and the magnetic susceptibility as a function of chemical potential (resp. filling) we average the mag- In Figure 1a we show the density profiles s ↑ (r) and s ↓ (r) for U/t = 8.2(5) and k B T /t = 0.96(2) averaged over a set of 130 experimental runs. Figure 1b and 1c show the spatial distribution of the zero-momentum spin structure factor S q=0 (r) and the corresponding average value taken over regions of constant chemical potential S q=0 (µ), respectively. In order to infer from our data the presence of AFM correlations between different sites, we compare the spin structure factor with the local mo-
2 , which represents the on-site fluctuations ofŜ z and hence the local contribution to the magnetic susceptibility (see Figure 1c) . Due to the Pauli principle, the local moment is obtained directly from the singles distributions according to C 0,0 = ( ŝ ↑ + ŝ ↓ )/4 (see Methods). While for low filling the structure factor closely follows the local moment, a clear mismatch between the structure factor and the local moment is observed around half-filling µ = U/2, indicating the emergence of non-local AFM correlations.
We first focus on the situation at half-filling where for strong interactions the system enters a Mott-insulating state and particle-hole symmetry permits accurate theoretical simulations with which to compare our data. We extract the spin structure factor at µ = U/2 from a symmetric-peak fit to the measured spin structure factor S q=0 (µ) (see Methods). In Figure 2a we present the structure factor at half-filling S q=0 (µ = U/2) as a function of temperature for weak (U/t = 1.6), intermediate (U/t = 8.2), and strong (U/t = 12.0) interactions. Within the uncertainties we find good agreement between our experimental data and numerical data from NLCE 26 and QMC 27 calculations of the Hubbard model at halffilling. For a quantitative analysis of beyond-nearestneighbour AFM correlations at half-filling we also plot in Figure 2a NLCE data for |C 0,0 | − 4|C 0,1 |. For intermediate and strong interactions at temperatures k B T < t a comparison with the spin structure factor indicates that contributions from next-nearest-neighbour AFM correlations C 1,1 become relevant and we observe these to be positive as expected. As is evident from Figure 2a , the spin structure factor can be used as a thermometer in the range k B T t where the density distribution responds weakly upon further cooling 14 , and our data constitute an initial calibration of this technique.
Employing the fluctuation-dissipation theorem, we compute the magnetic susceptibility χ from the spin structure factor, which is shown in Figure 2b together with numerical data. Generally, we observe an increase of χ with interaction caused by the suppression of doublyoccupied sites which otherwise prevent the formation of a local moment. 2c we show the agreement of the data for medium and strong interactions, U/t > 8, with the prediction of the Heisenberg model when both temperature and magnetic susceptibility are scaled in units of J. As expected, we observe that for weak interactions, U/t = 1.6, the Hubbard model does not map to the Heisenberg model due to large on-site density fluctuations which prevent the buildup of strong local moments.
Our system allows us to investigate the reduction of AFM spin correlations upon doping the Mott-insulator with holes at constant temperature. The ability to tune doping over an arbitrary range is impossible in the solid state, demonstrating the utility of cold atomic gases for quantum simulation of fundamental physics. In Figure 3 we show the measured spin structure factor for different fillings, n = n i,↑ +n i,↓ /2, and temperatures. We compare the measured spin structure factor with the measured local moment (dashed line) and the theoretically expected local moment plus nearest-neighbour contributions |C 0,0 | − 4|C 0,1 | (solid line) from NLCE calculations. For the two coldest temperatures, the measured structure factor at half-filling exceeds the sum of local moment (positive contribution) and nearest-neighbour correlations (negative contribution) indicating the presence of next-nearest neighbour correlations, which have the same sign as the local moment. As the chemical potential is reduced and thereby the Mott insulator is doped with holes, we find that, at a filling of n ∼ 0.4 and temperatures k B T /t > 0.7, the spin correlations are fully described by nearest-neighbor AFM correlations and, further, at a filling below n ∼ 0.1 only the local moment persists. Numerical simulations of the two-dimensional Hubbard model away from half-filling at low temperatures are very challenging and, while nearest-neighbour correlations have been computed 26 , theories of the magnetic susceptibility, which includes magnetic correlations at all length scales, have been published only for very specific parameter sets 29, 30 . We also remark that even for low filling our coldest data in Figure 3a are systematically below the NLCE prediction for a temperature of k B T /t = 0.63, which is the value given by our densitybased thermometry. Instead, the data is better described by NLCE and QMC for lower temperature k B T /t = 0.5 (see dotted line in Figure 3a and crosses in Figure 2a ), which could indicate that the density-based thermometry overestimated the temperature in this measurement.
In the future, our in-situ imaging of the twodimensional lattice could be extended by magnetic resonance techniques to imprint spin-waves 31,32 and detect the spin structure factor at arbitrary wave vectors. Such an addition could permit the measurements presented here to be complemented by studies of the dynamics of transport and diffusion in the spin sector of the two-dimensional Hubbard model. Furthermore, momentum-resolved Raman spectroscopy applied locally in the gas could help to identify pseudogap physics expected for finite doping by measuring dynamical correlation functions [33] [34] [35] .
I. METHODS

A. Spin-sensitive detection
After preparation of the system with the desired parameters, we freeze the atomic motion by increasing the depth of the horizontal lattices to 60E rec within 1 ms. The horizontal lattice beams cross under an angle of 85.6(7)
• forming an almost square lattice structure. To remove atoms residing on doubly-occupied sites, we use adiabatic radio-frequency (RF) sweeps to transfer the spin-down population into the hyperfine state |F = 9/2, m F = −3/2 . Spin-down atoms on doublyoccupied sites then undergo exothermic spin-changing collisions with the spin-up state |F = 9/2, m F = −9/2 . Since the energy release from these collisions exceeds the trap depth by more than a factor of 10, atoms residing on doubly-occupied sites are lost from the trap. We experimentally confirmed that the spatial distribution of singly-occupied sites is unaffected by the removal of doubly-occupied sites.
Using high-resolution RF tomography in a vertical magnetic field gradient we transfer both spin components within a single horizontal layer simultaneously into unpopulated hyperfine states, which are imaged consecutively on the |F = 9/2, m F = −9/2 to |F = 11/2, m F = −11/2 cycling transition. Further details on the preparation of the system, the calibration of the lattice parameters and the imaging can be found in our previous work 14 .
B. Correlation analysis
The recorded in-situ images {s σ (r)} σ=↑,↓ represent individual spatial distributions s i,σ of atoms in spin state σ residing on singly-occupied lattice sites i which are convolved with the imaging point spread function p(r) according tos σ (r) = i p(r − r i )s i,σ where d 2 rp(r) = 1. The spatial correlation function ofS z (r) = (s ↑ (r) − s ↓ (r))/2 evaluated over the set of images at positions r and r therefore contains contributions from the underlying spin-spin correlations between different lattice sites i and j:
Integrating the correlation function C(r, r ) over a region of radius ξ large compared to the imaging resolution ρ = 1.2(1) µm (FWHM of the auto-correlation peak) and the correlation length ξ 0 results in
The spin structure factor S q=0 = j ( Ŝ z iŜ z j − Ŝ z i Ŝ z j ) at zero wave vector q is then extracted by integrating C ξ (r) over regions of constant chemical potential (with binsize ∆µ = h × 100 Hz) and dividing by the number of lattice sites contained in those regions. In the data analysis, we chose the size ξ of the integration region in order to cover most of the point spread function while minimizing the statistical noise from uncorrelated regions. For the data shown as filled circles in Figures 1 and 2 of the main text we used ξ = 1.7 µm and rescaled the The solid line shows a fit to the filled data points (corresponding to fillings in the range 0.03 ≤ n ≤ 0.25), the slope is used for rescaling the data to fall onto the bisecting line (dashed).
integrated correlations (for every temperature and interaction value shown) to match the measured local moment plus NLCE data of the nearest-neighbor correlations 26 , (|C 0,0 | − 4|C 0,1 |), up to a filling of n = 0.25 where longerranged correlations are negligible over the investigated temperature range (see Figure 4) . For all the other data (shown in squares in Figures 1,2 and 3 of the main text) we evaluated the spin structure factor from a larger data set using ξ = 4 µm and rescaled the data by a common factor, which we extracted at the highest temperature of this data set, k B T /t = 0.96 (2) , in the same way as described above.
For extracting the value of the spin structure factor at half-filling we fitted S q=0 − (|C 0,0 | − 4|C 0,1 |), evaluated as a function of chemical potential, with a Gaussian centered at µ = U/2, and added the resulting peak amplitude to |C 0,0 | − 4|C 0,1 |.
Additional technical noise in the images originating from photon shot noise, camera read-out noise and far off-resonantly imaged atoms residing in the adjacent lattice layers was taken into account by applying an identical correlation analysis on a set of background images, which were recorded for a far off-resonant RF tomography pulse, and subtracting the corresponding correlation function from C ξ (r).
To extract the local moment C 0,0 = (n i,↑ −n i,↓ ) 2 /4 from the density distributions of singly-occupied sites, we use the Pauli principle n 2 i,σ = n i,σ and the relation n i,σ = ŝ i,σ + n i,↑ni,↓ .
C. Thermometry
We extracted the temperature of the gas prepared in the 2D lattice from fits of the measured singles distributions of spin-up and spin-down atoms to NLCE data 26 . For the intermediate and strong interaction data shown in the main text we used the calculated interaction strengths 14 U/t = 8.2 and U/t = 12 and find excellent agreement between experimental data and NLCE fit. For the weak interaction data (with calculated interaction U/t = 1.6), however, we are not able to fit the equilibrated singles and doubles distributions as well unless allowing the interaction parameter to go free which results in a fitted value of (U/t) fit = 2.4. We confirmed the resulting temperatures (which are considerably lower as compared to those resulting from the fit using the calculated value of U/t = 1.6) by fitting the low-filling wings of the cloud to theory of the non-interacting Fermi gas 17 .
